Introduction {#s1}
============

Aging is not a disease *per se*, but it does result in physiological changes of organismal functions in all animals. Over time, however, aging may result in the increased incidence of various common chronic diseases, such as visceral adiposity and diabetes, atherosclerotic cardiovascular diseases, rheumatic arthritis, renal sclerosis, and degenerative brain diseases, which are often called age-associated diseases ([@CIT0001]). Whereas the phenotypes of organismal aging comprise complex changes in most vital organs, age-associated diseases are characterized by chronic low-grade inflammatory reactions in various tissues ([@CIT0002]). These diseases may be triggered by distinct etiological factors, either genetic or environmental, but aging apparently prompts the overt manifestations of these chronic diseases.

Accumulating evidence indicates that cellular senescence in tissues may underlie these chronic diseases, at least in part ([@CIT0005]). Originally, cellular senescence was viewed as an irreversible cell-cycle arrest mechanism ([@CIT0006]) and, as such, it was proposed as a safeguard against malignant transformation of cells ([@CIT0007]). However, more recent studies revealed that cell senescence includes diverse cellular states after the initial growth arrest, with progression involving multiple steps including profound chromatin changes ([@CIT0008]), and cell senescence may play broader roles in age-related pathologies ([@CIT0005]).

Among vital organ systems, the immune system also shows significant changes in overall function over time with age, including a diminished acquired immune capacity, increasing pro-inflammatory traits and a higher risk for autoimmunity ([@CIT0009]). Immune system aging may reflect functional alterations in diverse cell components in the immune system as well as their dynamic networks with age. While it seems likely that cellular senescence may play a part in it, the cellular basis leading to immune aging phenotypes is poorly understood. In this review, we summarize the features and cellular basis of immune system aging from the perspective of T cells that control the immune response, and discuss their potential involvement in age-associated pathology.

Age-associated changes in T-cell dynamics {#s2}
=========================================

One of the most prominent and earliest visible changes in the immune system that occurs with age is shrinkage of the thymus. Thymic involution is already evident in adolescence and the organ is almost entirely replaced by fat tissue in middle age and later ([@CIT0010], [@CIT0011]). Accordingly, the rate of thymic T-cell output (around 2 × 10^6^ cells per day at the peak) declines over time, with an estimated half-life of about 16 years in humans ([@CIT0012]). Although the primary cause of thymic involution was initially thought to be the decreased capacity of T-cell progenitors to home and develop in the thymus, recent studies strongly suggest that age-dependent deterioration of the thymic epithelial cells (TECs) also plays an important part ([@CIT0013], [@CIT0014]).

We recently reported that the clonogenic activity of TEC stem cells rapidly diminishes soon after birth, leading to the defective replenishment of TECs at the adult stage ([@CIT0015]). However, the self-renewing activity of TEC stem cells was maintained well after birth in mice that had impaired T-cell development due to genetic defects in T-cell progenitors such as Rag2^−/−^ mice. This finding suggests that robust proliferation of T-cell progenitors followed by massive cell death during the selection processes, which are crucial for generating functional T cells with a diverse repertoire, may prompt the deterioration of TEC turnover ([@CIT0015]). As such, it appears that thymic involution may be an inevitable cost for the robust thymopoiesis that occurs during the perinatal stage ([@CIT0016]).

Despite the progressive decline of thymic naive T-cell output because of thymic involution, total T-cell numbers in the periphery are largely maintained with age in healthy adults. However, while T cells in infants show a naive phenotype in the quiescent state, those with a memory phenotype (MP) progressively increase in proportion over time and become predominant at midlife and later ([@CIT0017], [@CIT0018]). Human studies also noted that, with age, increasing proportions of naive T cells were in a cycling state ([@CIT0019], [@CIT0020]). Subsequent studies have suggested that such an autonomous proliferation of naive T cells represents antigen-independent proliferation, comparable to the T-cell homeostatic proliferation (HP) that occurs when the host becomes moderately T-lymphopenic, for instance, after sub-lethal γ-ray irradiation ([@CIT0017], [@CIT0021], [@CIT0022]) or thymectomy ([@CIT0019], [@CIT0023]). Notably, naive T cells that have undergone HP also eventually show phenotypic conversion to MP, with the effect being more prominent in mice than in humans ([@CIT0017], [@CIT0021], [@CIT0022]).

It was reported that naive T cells showed marked proliferation in γ-ray-irradiated young mice, whereas these T cells barely proliferated in γ-ray-irradiated old mice ([@CIT0024]). However, we have indicated that naive T cells from young mice hardly proliferated when transferred into intact young mice, but showed remarkable cell divisions in untreated aged mice followed by a phenotypic conversion to MP ([@CIT0025]). Hence, it is suggested that the lymphoid tissue environment of aged mice allows extensive HP of the introduced naive T cells, although the supporting capacity of HP *per se* is much more radio-sensitive in aged mice than in young mice; the effect may reflect the age-dependent changes in stroma cells providing homeostatic cytokines (see below). In any case, it appears that maintenance of the peripheral T-cell pool size becomes increasingly dependent on the HP of peripheral naive T cells over time with age; the situation may be more prominent in humans than in mice probably because of humans' much longer life span ([@CIT0026]).

HP and senescence-associated T cells {#s3}
====================================

All naive T cells that have been positively selected in the thymus bear weak yet measurable reactivity to major histocompatibility complex (MHC) associated with self-peptides, and the T cells may be under constant tonic signals from surrounding cells expressing self-MHC ([@CIT0017]). Although the tonic T-cell antigen-receptor (TCR) signal alone may be insufficient for triggering their proliferation, naive T cells can be induced to proliferate in the presence of sufficient amounts of IL-7 and IL-15, known as homeostatic cytokines, which are increased in T-lymphopenic lymphoid tissues ([@CIT0017], [@CIT0027]). As such, the HP of naive T cells is largely non-clonal and instead crucially depends on the availability of homeostatic cytokines in the microenvironment. The proliferation rate is relatively slow, one cell division per 3--4 days, as compared with antigen-driven clonal T-cell proliferation with one cell division or more per day.

Eventual cell fates of HP of naive T cells may be different from those of antigen-driven proliferation ([Fig. 1](#F1){ref-type="fig"}). In response to specific antigens, the initial clonal proliferation *via* an optimal TCR signal combined with proper costimulatory signals from professional antigen-presenting cells is linked to the programmed differentiation into effector cells, which is followed by activation-induced cell death or conversion to quiescent memory cells as antigens are cleared. To avoid immunopathology due to excessive immune responses, however, some of the effector T cells, particularly those of the CD8^+^ cell lineage, may become dysfunctional when the antigen stimulation persists, such as in chronic viral infection and possibly cancer, which is known as T-cell exhaustion ([@CIT0028], [@CIT0029]). Exhausted T cells are characterized by the constitutive expression of inhibitory immunoreceptors called checkpoint receptors, such as PD-1 and LAG3, and the function may be reverted by checkpoint blockade ([@CIT0030]) ([Fig. 1](#F1){ref-type="fig"}, upper).

![Antigen (Ag)-driven and antigen-independent generation of dysfunctional T cells. (Upper) In response to the optimal TCR stimulation *via* foreign antigens presented by professional antigen-presenting cells (pAPCs) expressing proper costimulatory molecules, specific naive T cells initiate robust clonal proliferation with fast cell divisions, followed by functional differentiation to various effector cells. As the antigens are cleared, the effector cells may die off, but a portion of them become quiescent and are maintained as central memory T cells. However, when antigen stimulation persists, the effector cells may go into a dysfunctional state *via* constitutive expression of checkpoint receptors such as PD-1 and LAG3 to prevent immunopathology due to excessive immune responses, called exhausted T cells. The exhausted T cells may also be derived from unique progenitor cells (pre-exhausted T cells). The function of exhausted T cells may be reverted with checkpoint blockade, although these T cells may eventually become refractory. (Lower) Naive T cells that developed through positive selection in the thymus have intrinsic affinity to self-MHCs and are under tonic TCR stimulation, mainly through B cells for CD4^+^ T cells. Although the tonic TCR signal *per se* is insufficient for causing proliferation, naive T cells initiate HP with slow cell divisions in the presence of sufficient amounts of homeostatic cytokines (IL-7, IL-15), which are increased in the lymphoid milieu in T-lymphopenic conditions. Thymic involution begins early in life with a progressive reduction of naive T-cell output over time, which increasingly drives HP of naive T cells with age to maintain the size of the T-cell pool in the periphery. Sustained HP of CD8^+^ T cells leads to the generation of CXCR3^+^ cells with increased capacity of IFNγ/TNFα production, predisposed to Tc1-type pro-inflammatory T cells. In CD4^+^ T cells, continuous HP results in the generation of dysfunctional T cells bearing the features resembling cell senescence, termed senescence-associated T (SA-T) cells. The SA-T cells are also characterized by the constitutive expression of PD-1 and LAG3, and partly CD153, although there is so far no evidence that the function is restored by PD-1 checkpoint blockade. SA-T cells are defective in proliferation and regular differentiation in response to optimal TCR stimulation, but these T cells secrete abundant pro-inflammatory cytokines, such as osteopontin and chemokines directed to innate inflammatory cells (Ccl3, 4), reminiscent of SASP. SA-T cells are progressively increased in proportion with age, but in addition, these T cells may remarkably accumulate in the GCs of lymphoid tissues or various other tissues under stresses or insults, predisposing to systemic autoimmunity or age-associated chronic inflammatory diseases.](dxaa006f0001){#F1}

The sustained T-cell HP causes heterogeneity of the naive T-cell compartment ([@CIT0031]), and the consequences may differ in CD4^+^ and CD8^+^ lineages. Naive CD8^+^ T cells that had undergone HP tended to show an up-regulated expression of CXCR3 with an increased capacity to produce IFNγ and TNFα, leading to a predisposition to become Tc1 cytotoxic/inflammatory T cells ([@CIT0032]). On the other hand, CD4^+^ T cells become progressively dysfunctional after extensive cell divisions during persistent HP in mice, resulting in a markedly reduced capacity to proliferate and differentiate even *via* optimal TCR signaling ([@CIT0025]). These CD4^+^ T cells also exhibit constitutive PD-1 expression, and to a lesser proportion CD153, although there is so far no evidence of the involvement of PD-1 in their dysfunction ([@CIT0033]). It is mostly PD-1^+^ CD153^−/+^ cells among CD4^+^ MP T cells that increase over time with age; the effects were barely observed in aged mice deficient in B cells, which are the major population to provide tonic signals for naive CD4^+^ T cells *via* self-MHC class II ([@CIT0033]) ([Fig. 1](#F1){ref-type="fig"}, lower).

Further analysis has revealed that the PD-1^+^ MP CD4^+^ T cells in aged mice exhibit characteristic features resembling cell senescence, including markedly enhanced expression of senescence-associated β-galactosidase (SA-β-Gal) and negative cell-cycle regulators (Cdkn1a, Cdkn2b), increased heterochromatin foci (SAHF) and increased expression of a DNA-damage-repairing complex (H2A.X) ([@CIT0033]) as well as a histone subtype unique for senescent cells (H2A.J) ([@CIT0034]).

Notably, despite the defective TCR-mediated proliferation and differentiation, they secreted abundant osteopontin along with other potentially pro-inflammatory cytokines, which is reminiscent of a senescence-associated secretory phenotype (SASP) ([@CIT0033], [@CIT0035]). Hence, we termed these CD4^+^ T cells senescence-associated T (SA-T) cells. Among the SA-T cells, a minor CD153^+^ cell fraction that experienced more cycles of cell divisions exhibited even more profound senescence-related features, suggesting that the dysfunctional state progressed along repeated cell cycles during HP. The features of SA-T cells in aged mice were indeed indistinguishable from those that developed from naive CD4^+^ T cells following extensive HP in sub-lethally γ-ray-irradiated young hosts ([@CIT0025]). The accelerated SA-T cell generation by extensive HP in mice may be consistent with the observation of premature T-cell aging in thymectomized human patients ([@CIT0036]).

Together, these findings strongly suggest that sustained HP of naive CD4^+^ T cells with age intrinsically results in the increasing accumulation of dysfunctional CD4^+^ T cells bearing senescence-related features. Supporting this notion, transplantation of fetal thymi at midlife caused reduced T-cell HP and delayed the increase in SA-T cells at later stages ([@CIT0025]).

Multiple mechanisms underlying age-associated T-cell dysfunction {#s4}
================================================================

Recent reports have revealed that the profile of chromatin modifications regulating epigenetic phenotypes in human immune cells including T cells shows remarkable age-associated alterations with increased heterogeneity among individual cells ([@CIT0037]). Notably, the effects are predominantly attributable to non-heritable influences ([@CIT0039]). Although the mechanisms remain to be seen, such increased epigenetic variations may underlie age-associated dysfunction of T cells. For instance, in mice, deficiency of *Menin* resulted in reduced antigen responsiveness of CD4^+^ T cells in association with some features reminiscent of cell senescence including a SASP-like phenotype, such as abundant osteopontin secretion ([@CIT0040]). The effects were attributed to the defective epigenetic regulation of *Bach2*, which encodes a transcription factor involved in various immune responses. However, it remains to be investigated whether such a mechanism is indeed involved in the 'physiological' progression of age-associated dysfunction of CD4^+^ T cells.

Human CD4^+^ T cells showed a progressive decline of the expression of a particular micro-RNA, miR-181a, with age in the naive, but not the MP, population ([@CIT0041]). The CD4^+^ T cells with reduced miR-181a expression showed a decreased sensitivity, or an increased threshold, for TCR-induced activation of extracellular signal-regulated kinase because of the enhanced expression of a dual specific phosphatase (DUSP6), a target of miR-181a, and the dysfunction was reverted by re-expression of miR-181a. The naive CD4^+^ T cells with reduced miR-181a may show a biased differentiation toward Th2 over Th1 cells, since Th2 differentiation requires a lower TCR signal strength than Th1 does, possibly leading to a pro-inflammatory trait in the elderly ([@CIT0041]). We also noted a profound decline of miR-181a in murine SA-T cells ([@CIT0033]), but it remains to be clarified whether the entire senescence-related features of SA-T cells can be accounted for solely by this effect.

In humans, CD4^+^ T cells show progressive loss of costimulatory receptors, such as CD27 and CD28 during end-stage differentiation following antigen stimulation, and the numbers of CD27^−^ CD28^−^ CD4^+^ T cells increase in the elderly ([@CIT0042]). The CD27^−^ CD28^−^ CD4^+^ T cells show a reduced TCR-induced proliferation capacity with shortened telomeres and an increased DNA-damage response, referred to as senescent T cells, but they exhibit potent effector functions and may not be viewed as dysfunctional cells *per se* ([@CIT0045]). More recently, CD27^−^ CD28^−^ CD4^+^ T cells were reported to show a markedly increased expression of sestrins, a family of stress-inducible metabolic regulators ([@CIT0046]), forming a novel immune-inhibitory complex with mitogen-activated protein kinases that was responsible for the unique features of senescent CD4^+^ T cells ([@CIT0047]).

These so-called senescent T cells have been considered in the context of antigen-driven terminal differentiation of T cells and are increased during chronic viral infection, resembling the aforementioned exhausted effector T cells, both of which are potentially reversible effects. *Bone fide* naive T cells in elderly humans also show shorter telomeres than the equivalent cells in young individuals ([@CIT0048]), possibly *via* HP, but it remains unclear whether such naive T cells with shorter telomeres also become dysfunctional due to the sestrin-based immune-inhibitory complex.

SA-T cells derived from naive CD4^+^ T cells in an antigen-independent manner show high basal levels of transcripts for diverse pro-inflammatory genes including *Spp1* encoding osteopontin, being consistent with increased transcriptional noise as a signature of aging ([@CIT0039]). Curiously, upon optimal TCR stimulation, the SA-T cells exhibited a further increase in *Spp1* expression followed by abundant osteopontin secretion, whereas production of regular T-cell cytokines, such as IL-2 and IL-4 remained negligible ([@CIT0033]). Further, PD-1 ligation, which suppressed even the minimal residual IL-4 production, did not affect the TCR-mediated osteopontin production by SA-T cells at all ([@CIT0033]). These results imply that an atypical pro-inflammatory gene expression reminiscent of SASP in SA-T cells may somehow be linked to TCR signaling *via* unconventional downstream pathways distinct from main pathways mediating the proliferation and T-cell cytokine production.

CD153 ligation enhances TCR-induced osteopontin secretion in SA-T cells ([@CIT0033]), suggesting that CD153 signaling may play a role in the unique cross-talk of TCR signaling and SASP-like gene expression. CD153 mediates signals *via* ligation with CD30, so-called reverse signaling where the ligand-bearing cell is stimulated ([@CIT0049]), and examination of a possible role for CD153 in the progression and/or maintenance of SA-T cells is currently underway. It seems also possible that increased variation of chromatin marks with stochastic chromatin opening at otherwise repressed sits is associated with repeated cell divisions in SA-T cells.

SA-T cells and systemic autoimmunity {#s5}
====================================

Aging may be associated with an increased risk of autoimmunity ([@CIT0009], [@CIT0020]), which can be either central or peripheral. Thymic involution, in particular the diminution in numbers of medullary TECs, which play an essential role in establishing central T-cell self-tolerance, may increase the potential risk for the breakdown of self-tolerance ([@CIT0050]). On the other hand, studies have suggested that HP of naive T cells in the periphery also favors the development of autoimmunity, partly because persistent HP may cause a biased increase in the T-cell population bearing higher intrinsic affinity to self-MHC molecules ([@CIT0051]). It was reported, for instance, that the development of insulin-dependent diabetes mellitus in non-obese diabetic mice, which show intrinsic T-lymphopenia, was delayed by suppressing the endogenous T-cell HP with continuous infusion of normal T cells ([@CIT0055]).

In addition, SA-T cells in aged mice tend to localize in the splenic follicular region, often in association with spontaneous germinal centers (GCs) ([@CIT0033]). Robust spontaneous GC reactions of self-reactive B cells are a characteristic feature of lupus disease ([@CIT0056]), and genetically lupus-prone female BWF1 mice spontaneously develop abundant GCs at an early stage, which contain CD4^+^ T cells with features indistinguishable from SA-T cells in aged mice ([@CIT0033]). These T cells shared the high expression of several genes, such as *Pdcd1*, *Bcl6*, and *Ascl2* in common with follicular helper T cells induced by antigen immunization, but follicular helper T cells rarely expressed CD153, and overall transcriptomes were quite distinct from each other ([@CIT0033]). Functionally, the SA-T cells in female BWF1 mice barely produce IL-4, a principal cytokine produced by follicular helper T cells, but instead produce abundant osteopontin in response to autologous GC-B cells in a TCR/MHC II-dependent manner ([@CIT0033]). As such, GC reactions in regular immune responses and systemic autoimmunity appear to involve different types of 'follicular' T cells.

B-cell intrinsic Toll-like receptor 7 (TLR7) signaling plays a crucial role in spontaneous GC reactions and anti-nuclear antibody production in mice ([@CIT0057]), and TLR7-ligand administration *in vivo* also induces a rapid increase and accumulation of SA-T cells in the spontaneous GCs ([@CIT0058]), suggesting that the increased SA-T-cell numbers are associated with TLR7-signaled B cells. Robust proliferation of B cells in GCs is accompanied by their massive apoptosis, but normally the apoptotic cells are swiftly engulfed and digested by professional phagocytic cells called tingible body macrophages (TB-Mφ) ([@CIT0059]). However, in lupus disease, it appears that the disposal of apoptotic bodies in GCs is defective for unknown reasons, allowing sustained exposure of non-tolerized nuclear components to the GC B cells and eventual anti-nuclear antibody production ([@CIT0060]).

Osteopontin secreted by SA-T cells in GCs inhibits the engulfment of apoptotic bodies by TB-Mφ through sustained Rac1 GTPase activation in them, and treatment with anti-osteopontin antibody delayed the development of anti-nuclear antibodies and lupus nephritis in female BWF1 mice ([@CIT0033], [@CIT0058]). Thus, besides aging, SA-T cells are increased robustly and prematurely in mice with a genetic predisposition to lupus with abnormal B cells and play a crucial role in the development of systemic autoimmune diseases. We noted that PD-1^+^ CD153^+^ SA-T cells also accumulated in the lymphoid follicular structures of affected kidneys of female BWF1 mice ([@CIT0033]), suggesting that these T cells may play a role in the progression of lupus nephritis with immune-complex deposition as well ([Fig. 2](#F2){ref-type="fig"}).

![Involvement of SA-T cells in systemic autoimmune disease and chronic inflammatory diseases. Detailed explanation may be found in the text. SA-T, senescence-associated CD4^+^ T cells; GC, germinal center; TLR7, Toll-like receptor 7; ANA, anti-nuclear antibody; IC, immune complex; TLT, tertiary lymphoid tissue; VAT, visceral adipose tissue.](dxaa006f0002){#F2}

Impacts of SA-T cells on age-associated diseases {#s6}
================================================

Chronic low-grade tissue inflammation in various tissues underlies common age-associated diseases ([@CIT0002]). For instance, chronic inflammation in visceral adipose tissue (VAT) in association with obesity predisposes metabolic and cardiovascular diseases of the elderly ([@CIT0061]). In a mouse model, a sustained high fat diet (HFD) caused obesity with VAT inflammation and impaired glucose tolerance due to insulin-resistance. We recently discovered that SA-T cells were robustly increased in the VAT along with macrophages and B cells in HFD mice ([@CIT0035]). As anticipated, the SA-T cells in VAT, in particular the PD-1^high^ CD153^+^ population, were defective in TCR-mediated proliferation but secreted remarkably abundant osteopontin along with other pro-inflammatory cytokines, such as TNFα and IL-6 ([@CIT0035]) ([Fig. 2](#F2){ref-type="fig"}).

Further, transfer of the SA-T cells isolated from the VAT of wild-type mice under HFD into the VAT of mice under normal diet caused a VAT inflammatory reaction and impaired glucose-tolerance even in the absence of obesity, indicating that SA-T cells initiate the VAT inflammation and resulting insulin resistance; transfer of SA-T cells isolated from *Spp1*^−/−^ mice under HFD barely led to any such changes, suggesting a role of osteopontin derived from SA-T cells ([@CIT0035]). Curiously, mice that had been under HFD continued to show high levels of SA-T cells in VAT and exhibited a residual insulin-resistance for some periods even after the shift to normal diet with reduced body weight, suggesting that the SA-T cells are quite stable and long-lived in the tissues ([@CIT0062]). The increase in SA-T cells in the VAT of HFD mice also depended on B cells as anticipated, but it remains to be investigated whether the SA-T cells are generated *in situ* in VAT or recruited systemically from outside.

Chronic kidney disease is another common disease associated with aging, which often follows acute kidney injury such as ischemic perfusion injury, urethral obstruction, and folic acid nephropathy and may progress into end-stage renal disease ([@CIT0063], [@CIT0064]). Indeed, in mouse models, the progression to chronic kidney disease following transient acute kidney injury is frequently observed in aged mice, although the tissue damage is completely cleared in young mice ([@CIT0065]). Such a chronic kidney disease in aged mice is characterized by the development of tertiary lymphoid tissues (TLTs) consisting of T cells including PD-1^+^ CD4^+^ T cells, B cells and stromal fibroblasts secreting abundant Cxcl13, and CD4^+^ T cells play a crucial role in the TLT development ([@CIT0065]). Importantly, TLTs with comparable cellular and molecular components were often observed in kidneys of the aged, but rarely young, humans ([@CIT0065]). The detailed features of pathogenic PD-1^+^ CD4^+^ T cells remain to be investigated, but it seems likely that SA-T cells persisting in the TLTs in much a similar manner in the splenic follicles take an important part in the progression of chronic kidney disease ([Fig. 2](#F2){ref-type="fig"}).

Human counterparts of murine SA-T cells remain to be carefully investigated. Recent reports indicate the increase in unconventional CD4^+^ T cells in various chronic inflammatory diseases in humans, which may play a pathogenic role ([@CIT0066]). Although the origins as well as major driving forces and signals for these 'pathogenic' T cells remain to be clarified, murine SA-T cells seem to share features with these human T cells, at least partly, including constitutive high PD-1 expression and atypical cytokine production. It was also reported that improved immune function of the elderly with mTOR inhibitor administration was associated with reduced PD-1^+^ T cells in the blood ([@CIT0069]).

T-cell aging and cancer {#s7}
=======================

The incidence of cancer also increases with age, and this has been attributed to the accumulation of somatic cancer driver-gene mutations over time with age ([@CIT0070]). However, recent genetic analyses have indicated that increasing proportions of 'normal cells' in various tissues of the elderly also show accumulation of driver-gene mutations in the absence of cancer and, thus, driver mutations may co-exist in the non-cancerous cells ([@CIT0071], [@CIT0072]). These findings may challenge the classical idea that the accumulation of driver-gene mutations is directly linked to the increased cancer incidence with age. Rather, such 'normal cells' with driver-gene mutations may constitute a part of the aging phenotype, including oncogene-induced senescence ([@CIT0073]).

Research indicates that host acquired immunity plays a crucial role in suppressing spontaneous tumor development in mice ([@CIT0074]) and controlling the progression of cancer in both mice and humans ([@CIT0075], [@CIT0076]). Thus, the diminution of immune surveillance may also contribute to the increase in cancer incidence with age. Supporting this notion, a recent immune-epidemiological analysis showed that the age-related increase in the clinical incidence of many types of human cancers can be well modeled based on thymic involution and the resulting reduced T-cell output ([@CIT0077]).

On the other hand, it was reported that senescent cells characterized by high Cdkn2a (p16^Ink4a^) expression increasingly accumulate throughout the tissues with age in a mouse model ([@CIT0078]), and the genetic clearance of p16^Ink4a^-positive cells in tissues starting at midlife resulted in the improved function of vital organs at a later stage ([@CIT0079]). Most notably, these mice showed significantly reduced cancer-related death even though rates of incidence and spectrum of macroscopically detectable tumors are unchanged at autopsy, suggesting that senescent cells in cancer tissues may shorten the cancer latency.

These results may highlight the importance of the tissue microenvironment in cancer growth and progression. Effects of tissue stroma cells on cancer cells may be largely mediated through host local immunity, either positively or negatively. Recent research indicates distinct types of stromal cells in cancer tissues; certain stromal reactions that cause an inflammatory tissue environment by recruiting various innate immune cells may often favor tumor growth, whereas others may effectively recruit specific T-cell immunity to restrain tumor progression ([@CIT0080]). It seems likely that increased numbers of senescent tissue cells may exaggerate the inflammatory environment favoring tumor progression. In mouse models, we found that the pro-inflammatory activity of cancer stroma cells was little affected or instead increased with age, whereas stromal function capable of recruiting host primed T cells in tumor tissues was highly sensitive to aging, being markedly reduced with age (Y. Xu and N. Minato, unpublished data). These findings suggest that distinct functions of different stroma cell types are differentially affected by aging ([Fig. 3](#F3){ref-type="fig"}).

![Schematic representation of T-cell dysfunction and tissue aging in cancer. In cancer tissues, various tissue reactions with often conflicting effects on cancer progression may occur, where tissue stroma cells play important roles. Certain stroma cell types may promote effective recruitment of primed T cells into the tissue *via* secretion of T-cell chemokines and forming a proper scaffold for their migration. Such T cells at a close enough vicinity to cancer cells proliferate and are activated to become effector cells destroying them. Sustained activation of the T cells, however, may lead to a dysfunctional state, or exhaustion, through checkpoint receptors, such as PD-1, the effects being pronounced when cancer cells express the ligands for checkpoint receptors. The process can be reverted with checkpoint-receptor blockade to resume effective T-cell immunity. The T-cell recruiting activity of stroma cells is radio-sensitive and is also diminished with age possibly through cellular aging. On the other hand, it is also known that stroma cells with potent pro-inflammatory activity are also increased in the tissues of certain types of cancers, often called myofibroblasts with contractile features. Such stroma cells recruit various innate immune cells to cause inflammatory reactions as well as neoangiogenesis and tissue organization. It is also likely that SA-T cells, which secrete abundant chemoattractants for inflammatory cells, such as osteopontin and Ccl3/4 as part of SASP, accumulate, exaggerating the formation of the inflammatory microenvironment around cancer cells. It is reported that osteopontin acts as a potent tumor-instigating factor recruiting myeloid cells directly from bone marrow. Overall, such an inflammatory microenvironment favors the progression of cancer, *via* damage to normal tissue integrity as well as suppression of T-cell immunity.](dxaa006f0003){#F3}

As such, it appears that age-associated changes in the function of both T cells *per se* and the tissue microenvironment may be involved in the clinically increased incidence or shortened latency of cancer. T-cell dysfunction proceeds over time *via* multiple mechanisms as discussed above, including the increase in exhausted T cells and SA-T cells. Besides being dysfunctional for regular TCR-mediated effects, SA-T cells may accumulate in cancer tissues and induce chronic tissue inflammation, thereby favoring tumor growth and progression, similar to the situation in tissues under the aforementioned tissue stresses or insults. For instance, osteopontin was shown to act as a potent tumor-instigating factor to recruit inflammatory bone marrow-derived cells into tumor tissues, thus enhancing tumor aggressiveness ([@CIT0083]). While clinical success of PD-1 checkpoint blockade therapy, if not always, revealed the crucial involvement of T-cell exhaustion in cancer progression ([@CIT0076]), possible involvement of pro-inflammatory SA-T cells in cancer tissues remains to be carefully investigated. Safe and selective elimination of SA-T cells in the cancer tissue environment may provide a potential means to control cancer progression in humans.

Conclusion and perspectives {#s8}
===========================

T cells, which play a central role in immune responses and regulation, show functional alterations over time with organismal aging. Some of these alterations occur in the course of specific antigen-driven responses, in particular, during persistent antigen stimulation, such as chronic viral infection and cancer. This T-cell exhaustion represents a dysfunctional state of specific effector T cells characterized by the constitutive expression of checkpoint receptors. The function of exhausted T cells may be reversed, if not always, by the blockade of checkpoint signals, and this has provided a highly successful means of controlling cancer in humans.

Naive T cells may also become intrinsically dysfunctional with age. T cells undergo physiological HP in association with thymic involution and consequent reduction of T-cell output with age, and sustained HP results in the emergence of dysfunctional CD4^+^ T cells *via* repeated cell divisions, called SA-T cells. The SA-T cells show features similar to senescent cells and have a profound defect of TCR-induced proliferation and differentiation capacity. SA-T cells also exhibit constitutive expression of checkpoint receptors, but there is so far no evidence that they are involved in maintenance of the dysfunctional state. SA-T cells increase in proportion over time and show a potent pro-inflammatory secretory phenotype reminiscent of SASP. In addition to aging, SA-T cells are robustly accumulated in GCs of autoreactive B cells and promote anti-nuclear antibody production and systemic autoimmune disease. SA-T cells may also be increased in various tissues under stresses or insults leading to the progression of chronic inflammatory diseases in relevant tissues.

Such dysfunctional T cells are derived as a physiological rationale to avoid immunopathology due to excess immune responses or as a consequence of homeostatic maintenance of the T-cell population and repertoire, yet may eventually include immune-aging phenotypes over time predisposing various age-associated diseases. Recent evidence indicates a crucial role of tissue senescent cells in the aging phenotypes of vital organs as well as tumor latency and, as such, senescent cells in tissues are emerging as therapeutic targets for age-associated diseases ([@CIT0084]). Age-associated dysfunctional T cells including SA-T cells may be certainly included as potential targets, and further understanding of molecular signaling driving the T-cell dysfunction should provide a clue for controlling various age-associated chronic inflammatory diseases and possibly cancer in humans.

Funding {#s0100}
=======

N.M. was supported by the research grant from Dainippon Sumitomo Pharma Co. Ltd., M. H. from the research grant from Ono Pharma Co. Ltd., and Y. H. from the Takeda Science Foundation, AMED under Grant Number (JP19gm5010001), and iPS Cell Research Fund.

*Conflicts of interest statement:* the authors declared no conflicts of interest.
